Eleven patients undergoing open heart surgery were studied by means of a technic previously developed by us to quantitate intravascular and extravascular hemolysis. Endogenous production of carbon monoxide, which correlates quantitatively with red blood cell and hemoglobin catabolism, was measured preoperatively, 5 hr postoperative- 
C HANGES in blood induced by extra- corporeal circulation are perhaps the most important factors hindering the clinical application of prolonged extracorporeal circulatory support, and one of the major ways of evaluating a pumping system has been to study its effect on erythrocyte destruction. The usual method is to use quantitative measurements of plasma hemoglobin to determine the intravascular hemolysis resulting from mechanical forces exerted on erythrocytes. However, this static measurement is influenced by the relationship of rates of production, metabolism, and excretion of plasma hemoglobin, and there is indirect evidenice that many more erythrocytes are ultimately destroyed than plasma hemoglobin quantitation indicates. ' We have developed a technic of quantitating intravascular and extravascular hemolysis based on the estimation of total rates of hemoglobin catabolism from measurements of endogenous carbon monoxide production.2 Carbon monoxide is an in vivo by-product of heme catabolism originating from the alpha methane bridge carbon atom,3-5 and in normal man6 and anesthetized dogs7 catabolism of 1 mole of heme yields 1 mole of carbon monoxide. In the present study we used this technic to assess intravascular and extravascu-lar hemolysis in 11 patients before and after extracorporeal circulation. These patients had a variety of congenital and acquired heart diseases (table 1) .
Methods

Clinical Procedures
The extracorporeal circuit was primed with 1,500 ml of whole blood, 1,500 ml of electrolyte solution,* 500 ml of 10% dextran in normal saline,t 2 g of ascorbic acid, and 25 mEq of sodium bicarbonate. Perfusion was conducted at flow rates ranging from 75 to 80 mI/kg/min for a mean duration of 90 min at 27 C during the first 75 min.
Measurement of Carbon Monoxide Production
We determined the rate of endogenous CO production (Vco) by the rebreathing method with a slight modification of the previously described apparatus. 8 Of the eight patients studied 24 hours after Figure 2 illustrates the results of a typical study. Preoperatively, the Vco was 21.95 ,umoles heme/hr, and the plasma hemoglobin concentration was 1.5 mg/100 ml. The plasma hemoglobin concentration reached a maximum of 8 mg/ 100 ml at the end of the perfusion period and decreased at a mean rate of 5.7 ml/hr for the next 5 hr. Five hours after heme/hr, and the postoperative plasma hemoglobin loss averaged 6.5 mg/ 100 ml/hr. Twenty-four hours after perfusion CO production was again within the normal range. Discussion
The principal finding of the study was that a far greater number of erythrocytes were traumatized during extracorporeal circulation and removed from the bloodstream during the first 5 hr after perfusion than were mechanically disrupted during surgery (presumably by the forces of the perfusion apparatus). The increased quantity of CO Carbon monoxide production was normal in this individual (J.C.) before perfusion; 5 hr after perfusion it had increased more than fourfold, and it remained slightly elevated 24 hr postoperatively. This pattern of CO production was typical of the patients studied.
times greater than could be attributed to catabolism of hemoglobin effluxing from the plasma hemoglobin compartment. That this finding resulted from an underestimation of rates of catabolism of the hemoglobin-haptoglobin complex, or "free" hemoglobin, is unlikely since results of previous studies '2 have indicated that plasma hemoglobin is catabolized slowly and CO production arising from this catabolism is small compared to that resulting from extravascular destruction of erythrocytes. Rates of decrease of plasma hemoglobin agreed with those found in previous studies. ' To rule out the possibility that the anesthetic technics significantly influenced the results, we measured CO production in two surgical patients who were anesthetized in a similar manner to the open-heart patients but who were not subjected to extracorporeal circulation. Carbon monoxide production was within normal limits both preoperatively and postoperatively. Other control studies provided no evidence that the anesthetic agents in the blood affected our analytic procedure for the measurement of carboxyhemoglobin.
It should be stressed that IH was calculated from data obtained only during perfusion, whereas EH was calculated from postperfusion data. Since the results obtained 24 hours after perfusion indicated that EH was still occurring, the percentage of total erythrocyte destruction occurring extravascularly would probably have been much greater if the investigation had been continued for a longer period. Four of the patients were studied periodically for more than 24 hr postoperatively. Two of them exhibited an elevation in heme catabolism on the second postoperative day and one on the third day; all three returned to normal rates of CO production by the fifth postoperative day. The fourth patient was studied only on the fifth day, when his Vco was normal. Since the plasma hemoglobin concentrations of all 11 patients were normal by the first postoperative day and there was no urinary loss of hemoglobin beyond the 5-hr postperfusion period, we have little doubt that the number of erythrocytes destroyed extravascularly markedly exceeded the quantity destroyed intravascularly.
In several patients CO production was elevated preoperatively. The relationship of this increased heme catabolism to the hemodynamics of cardiac disease should be investigated.
Our technic of estimating intravascular and extravascular hemolysis by measuring CO production is as sensitive as labeling technics of determining erythrocyte destruction and is less time-consuming.2 It will undoubtedly be useful in the evaluation of prosthetic valves, artificial hearts, and mechanical devices for assisted or total extracorporeal circulation. In addition, this methodology allows quantitative determination of the influence of such variables as pressure, shear, and surface interaction upon erythrocyte membrane damage.
Circulation, Volume XLII, September 1970
